Hox genes encode transcription factors that play a central role in the specification of regional identities along the anterior to posterior body axis. In the developing mouse embryo, Hox genes from all four genomic clusters are involved in range of developmental processes, including the patterning of skeletal structures and the formation of several organs. However, the functional redundancy observed either between paralogous genes, or among neighboring genes from the same cluster, has hampered functional analyses, in particular when synergistic, cluster-specific functions are considered. Here, we report that mutant mice lacking the entire HoxA cluster in mesodermal lineages display the expected spectrum of postnatal respiratory, cardiac and urogenital defects, previously reported for single gene mutations. Likewise, mild phenotypes are observed in both appendicular and axial skeleton. However, a striking effect was uncovered in the hematopoietic system, much stronger than that seen for Hoxa9 inactivation alone, which involves stem cells (HSCs) as well as the erythroid lineage, indicating that several Hoxa genes are necessary for normal hematopoiesis to occur. Finally, the combined deletions of Hoxa and Hoxd genes reveal abnormalities in axial elongation as well as skin morphogenesis that are likely the results of defects in epithelial-mesenchymal interactions.
Introduction
In most vertebrates, mammalian Hox genes are organized into four separate chromosomal clusters (HoxA, HoxB, HoxC and HoxD), which are further divided into 13 groups of paralogy, based on both sequence similarity and respective position along the gene clusters. These genes are expressed in a spatio-temporal manner which reflects their physical positions along the clusters (Gaunt et al., 1988; Duboule and Dolle, 1989; Graham et al., 1989) and play a central role in the specification of regional identities along the anterior to posterior body axis (McGinnis and Krumlauf, 1992) . In the developing mouse embryo, Hox genes are involved in a number of other developmental processes, including patterning of skeletal structures as well as formation of several organ systems. In particular, phenotypes of single and compound mouse mutants for Hoxa and Hoxd genes have revealed a crucial role for these genes in the development of mesoderm-derived tissues including limbs, the axial skeleton and kidneys (Di-Poi et al., 2007; Kmita et al., 2005; McIntyre et al., 2007) .
These studies also revealed that Hox genes have retained partially overlapping expression patterns, accompanying a considerable functional redundancy either between paralogous genes, adjacent genes or even non-paralogous genes in separate clusters. This suggests that these genes likely function as members of large genetic networks, with complex dose-dependent contributions (Davis and Capecchi, 1996; de la Cruz et al., 1999; Magnusson et al., 2007a) . For example, hematopoietic cells from both mouse and human bone marrow (BM) express the majority of Hox genes located on the HoxA, HoxB and HoxC clusters, yet loss-of-function mutations resulted in very mild hematopoietic phenotypes, except for the case of Hoxa9 (Lawrence et al., 1996; McGonigle et al., 2008) .
In such a buffered genetic system, multiple and combined loss of functions are often necessary to elicit significant functional disorders. Such combined inactivations can be vertical, i.e. they can involve paralogous genes from different, possibly all gene clusters, in which case they can reveal the function of a particular paralogy group during development. Redundancy between such paralogous genes indicates a conservation of both the gene function and the expression specificity (e.g. Hox10 genes in the axial skeleton; Wellik and Capecchi, 2003) . Conversely, a horizontal approach, the deletion of an entire gene cluster, will reveal whether neighboring genes share particular functions, i.e. whether they are coordinately regulated into the same tissues at the same time. This may indicate the presence of a 'cluster-specificity', resulting from the existence of a global regulation, which may or may not be shared between gene clusters (Duboule, 2007) . The deletion of HoxA cluster genes in developing neural crest cells illustrates the presence of such a global regulation, absent from the HoxD cluster (Minoux et al., 2009) , much in the same way the deletion of Hoxd genes revealed a global limb-specific regulation (Spitz et al., 2001) . In other cases, horizontal deletions of multiple genes resulted mostly in additive phenotypes (Suemori and Noguchi, 2000; Medina-Martinez et al., 2000) .
Genes belonging to the HoxA cluster are broadly expressed within the hindbrain, neural tube and mesodermal layers. Functional analyses demonstrated their separate implications into hematopoiesis, as well as during the patterning of several tissues such as the limbs, the lungs, the kidneys, the heart and the genital system (Aubin et al., 1997; Chisaka and Capecchi, 1991; Fromental-Ramain et al., 1996b; Lawrence et al., 2005; Zhao and Potter, 2002) . In order to assess the combined functional contributions of all 11 mouse Hoxa genes to the development of mesodermal tissues, we used a conditional HoxA cluster allele in conjunction with a T/brachyury promoter (T-Cre) driving Cre recombinase deleter strain. This promoter is active early on in the primitive streak and migrating mesoderm cells and thus induces the deletion of Hoxa genes in the different mesodermal lineages including the paraxial, intermediate and lateral plate mesoderm, starting from early developmental stages (Clements et al., 1996; Perantoni et al., 2005) .
We report that mutant mice lacking mesodermal expression of all Hoxa genes survive until birth and succumb from a spectrum of defects, including growth retardation and respiratory, cardiac and hematopoietic abnormalities. While the conditional deletion of the whole HoxA cluster reproduces most of the phenotypes already reported for single Hoxa gene mutations, our approach revealed severe hematopoietic defects in spleen, bone marrow and thymus, indicating overlapping functions of multiple Hoxa genes in these tissues. Finally, the conditional deletion of the HoxA cluster, combined with deletions within the HoxD cluster, revealed a strong phenotype in early embryonic skin development, not reported so far for a Hox mutation, whereas a comparatively weak phenotype was observed in the axial skeleton, reminiscent from the effects induced by single HoxA or HoxD cluster deletions.
Materials and methods

Mouse strains
The generation of floxed (A flox ) and deleted (A − ) HoxA cluster alleles was described previously (Kmita et al., 2005) . Mice mutant for the HoxD cluster were produced by targeted meiotic recombination (Del(1-13), Zakany et al. 2001) or loxP/Cre mediated site-specific recombination in ES cells (Del(4-13), Zakany and Duboule, 1999; Del (4-11) , Zacchetti et al., 2007) . Transgenic lines expressing Cre recombinase under the control of the primitive streak regulatory elements of the T promoter (Clements et al., 1996) , or mesodermal (msd) regulatory elements of Delta1 promoter (Beckers et al., 2000) were provided by A. Gossler. The Rosa26R Cre reporter (R26R) strain was described previously (Soriano, 1999) . All animals and embryos were genotyped by classical or quantitative real-time PCR (using SYBR green) on tail genomic DNA. The efficiency of T-Cre mediated recombination on genomic DNA was assessed through the disappearance of Hoxa11. B6.SJL-Ptprc a mice (CD45.1 + ) were purchased from the Jackson Laboratory, Bar Harbor, ME.
Histology, LacZ staining and skeletal preparation
For histological analyses, newborn mice were sacrificed and fixed for 5-7 days in Bouin's solution before alcohol dehydration and paraffin embedding. Whole mice were sectioned at 5 µm and stained with hematoxylin and eosin according to standard protocols. Whole mount histochemical detection of beta-galactosidase reporter activity in embryos or isolated organs was carried out by LacZ staining as described (Di-Poi et al., 2007) . Skeletal stainings of embryos or newborn mice with Alizarin red and Alcian blue were carried out using standard procedures.
Generation of fetal liver chimeras
Fetal livers (FLs) from E12.5 or E13.5 embryos were individually isolated, and the genotype of single embryos was determined by PCR. Single-cell suspensions were prepared from FLs with the desired genotypes. A total of 2-3 × 10 6 FL cells were injected intravenously together with T cell depleted 5 × 10 5 bone marrow cells from congenic CD45.1 + mice in a volume of 200 µl phosphate-buffered saline (PBS) into lethally irradiated congenic CD45.1 + recipients.
Antibodies and flow cytometry
Single-cell suspensions from bone marrow, thymus and spleen were prepared and stained for FACS analysis using standard protocols as previously described (Wilson et al., 2001) . The antibodies used to analyze the hematopoietic and lymphoid lineages are listed below. The following monoclonal antibody conjugates were purchased from eBioscience (San Diego, CA): CD117 (c-kit, 2B8)-APC; Sca-1 (Ly6A/ E, D7)-PECy5; B220 (RA3-6B2)-PECy5, -PECy7; TCRβ (H57-597)-FITC, -PECy7; CD135 (Flt3, A2F10)-PE; CD71 (Transferrin receptor, R17217)-PE; CD25 (IL-2R, PC61.5)-APC-Alexa750; CD34 (RAM34)-FITC; CD11b (Mac-1, M1/70)-PECy5, -PECy7; Ter119 (Ly76)-PECy7; CD19 (1D3)-PECy7; CD43 (Ly-48, S7)-Biotin; IgM (eB121-15F9)-APC; CD4 (L3T4, GK1.5)-PECy7; CD8α (53.6.7)-PECy7; Gr-1 (Ly-6G)-PECy7; TCRγδ (GL3)-PE and CD44 (PgP-1, IM7)-PE. Gr-1 (Ly-6G)-Alexa647 and CD8α (53.6.7)-Alexa647 were purified from hybridoma supernatants and conjugated following standard protocols. Alexa647 conjugates were prepared using the appropriate Alexa protein labelling kits (Invitrogen, Molecular Probes, Basel, Switzerland). Streptavidin-APCAlexa750 (eBioscience) was used to reveal biotin conjugates. Fluorescence-activated cell sorter (FACS) analyses (7-color) were performed using CyAn™ADP analyzer (Beckman Coulter, Nyon, Switzerland). Data were analyzed using FlowJo software (Tree Start, Ashland, OR). The independent Student's t-test was used for all statistical analyses.
Results
Conditional deletion of the HoxA cluster in mesodermal lineages
As several Hoxa genes are expressed in overlapping regions of mesodermal origins during mouse development (see e.g. Kmita et al., 2005; Wellik and Capecchi, 2003) , and also to overcome the early embryonic lethality caused by the functional ablation of Hoxa13 (Fromental-Ramain et al., 1996b) , we used a conditional HoxA cluster allele, flanked by loxP sites (HoxA flox or A flox ; Fig. 1A and Kmita et al., 2005) , in conjunction with deleter mice expressing the Cre recombinase under the control of T/brachyury promoter (T-Cre). This promoter is functional early on in mesodermal cells of the primitive streak, slightly before the onset of anterior Hox gene expression (Deschamps et al., 1999) and is thus active in virtually all mesodermal lineages including paraxial, intermediate and lateral plate mesoderm (Clements et al., 1996; Perantoni et al., 2005) . We first determined the efficiency of T-Cre mediated deletion of the 110 kb large HoxA cluster by quantitative PCR on genomic DNA. We compared mutants homozygous for a conditional HoxA deletion (A ). This latter combination exhibited a significantly higher and less variable efficiency of deletion (Fig. 1B) Fig. 1C and D) . Interestingly, the growth defect was already apparent at the perinatal stage, especially in mutant mice with high efficiency of HoxA recombination and became enhanced thereafter during the whole postnatal period ( Fig. 1C and D) . Around 2 weeks after birth, surviving A c/− mice were already two to threefold smaller than their control littermates (Fig. 1D ).
Skeletal defects
To precisely locate those cells or tissues derived from Crerecombinase expressing cells, we crossed T-Cre transgenic mice with the Rosa26R (R26R) reporter line, which transcribes a LacZ allele only after Cre-mediated recombination has occurred (Soriano, 1999) . In agreement with previous studies (Liu et al., 2003; Showell et al., 2004) , β-galactosidase activity was detected in the mesoderm of developing limbs and somites, but not in neural tissues ( Fig. 2A) .
We determined the morphological consequences of T-Cre-mediated deletion of the HoxA cluster by comparing A c/− and A flox/+ newborns skeletal preparations for both their axial and appendicular skeletal elements ( Fig. 2B-D) . While A flox/+ control axial skeletons expectedly displayed 7 cervical, 13 thoracic, 6 lumbar and 4 sacral vertebrae (C7-T13-L6-S4), the analysis of twenty A c/− mutants newborns demonstrated mild phenotypes at both the cervicothoracic and thoraco-lumbar transitions (Fig. 2B ). The most penetrant class of A c/− mutants (10 out of 20 mice) contained additional ribs on both the last cervical and the first lumbar vertebrae, thus leading to the loss of the seventh cervical and gain of two thoracic vertebrae (C6-T15-L6-S4). In the latter mice, additional ribs were only found bilaterally (10 out of 10 mice), but cervical ribs were either fused to the costal cartilage of the first thoracic ribs (8/10 mice; Fig. 2B ) or directly connected to the sternum (2/10 mice). In addition, a significant fraction of A c/− animals (8/20 mice) displayed only a transformation of the first lumbar into a 14th thoracic vertebra (with 2 out of 8 and 6 out of 8 mice showing either unilateral, or bilateral ribs, respectively). This was sometimes accompanied by a reduction in the total number of vertebrae (C7-T14-L5-S4 in 6 out of 8 mice), yet not systematically (C7-T14-L6-S4 in two specimens). Finally, the last two A c/− mutants (2/20 mice) showed a transformation of the seventh cervical vertebra into a thoracic type, directly connected to the sternum (C6-T14-L6-S4). Therefore, the overall number of sacral and caudal vertebrae remained unchanged in A c/− mutants ( Fig. 2B and Supplementary Fig. 1 ). A c/− mutant newborns had severe defects in their forelimb skeleton, in agreement with a previous study using the Prx1-Cre deleter strain (Kmita et al., 2005) , and also in their hindlimbs (Fig. 2C and D) . When compared to A flox/+ controls, A c/− mutants showed a marked size reduction of their zeugopods in both forelimbs and hindlimbs. In addition, the thumbs were missing and all digits were strongly reduced in size due to the lack of some phalanges, in both A c/− mutant limbs ( Fig. 2C and D) . Finally, abnormal and sometimes unilateral patterns of carpal and tarsal elements were also scored with variable occurrence, in A c/− autopods ( Fig. 2C and D) .
Altogether, the deletion of the entire HoxA cluster in mesodermal lineages had a rather mild morphological impact upon both the axial and the appendicular skeleton, suggesting again high functional redundancy from other Hox gene clusters.
Phenotypic consequences in tissues of mesodermal origin
We look for functional contributions of Hoxa cluster genes in a variety of organs containing a mesodermal compartment and performed histological sections of newborn thoracic cavities from either R26R; T-Cre, A c/− mutant or A flox/+ control mice. The analysis of β-galactosidase reporter activity in the R26R; T-Cre line ( Fig. 3 ; top) revealed a strong efficiency of T-Cre-mediated recombination in virtually all mesoderm-derived tissues including the lungs, the spleen, the kidneys, the gonads, as well as the adrenal glands and dorsal skin dermis (see Fig. 5B ). In addition, positive β-galactosidase activity was detected within restricted areas of the developing heart, including both the endocardium and myocardium (Fig. 3) . Histological examination of newborn mice revealed a spectrum of defects in A c/− mutant specimen, when compared to littermate controls. First, the more severe class of A c/− mutants (those dying right after birth) had unusually compacted lungs, resulting from both an increase in the thickness of the alveolar walls and a decrease in diameter of alveoli and bronchioli (Fig. 3) . Secondly, A c/− mice showed severe spleen hypoplasia, when compared to the A flox/+ control organ (Fig. 3) . Thirdly, while the mutant kidneys and gonads appeared relatively similar to control, a significant proportion of A c/− animals surviving birth for at least 3 weeks developed variable degrees of unilateral or bilateral polycystic kidneys (data not shown), as previously reported in animals lacking the entire HoxD cluster (Di-Poi et al., 2007) . Finally, we noticed abnormally dilated ventricles in the developing heart and a strong reduction in the size of the thymus in A c/− mutants at birth, despite its mostly endodermal origin ( Fig. 3 and Supplementary Fig. 2A ). Other internal tissues from mutant animals, including the entire urogenital tract and organs derived from non-mesodermal germ layers, appeared grossly normal at birth (data not shown). Altogether, these results confirmed the critical role for Hoxa genes in the patterning of several tissues of (at least partial-) mesodermal origin, including the lungs, heart and spleen, as reported using single loss of function approaches (Aubin et al., 1997; Chisaka and Capecchi, 1991; Lawrence et al., 1997). 
Function of Hoxa genes during hematopoiesis
A role for Hox genes during hematopoiesis has been documented, yet the phenotypes reported for either single or compound mutant mice are rather mild, at least under normal conditions (McGonigle et al., 2008) . This raised the question as to whether some particular Hox genes had been co-opted for this critical differentiation pathway or if entire gene cluster(s) would coordinately devote part of their function to this system. In this latter case, functional redundancy may once again explain the moderate severity of these phenotypes. Because of the drastic size reduction of both spleen and thymus in HoxA c/− mutant mice at birth (Supplementary Fig. 2A ), we used fluorescenceactivated cell sorter (FACS) analysis of lineage specific surface antigens to evaluate the distribution of several hematopoietic and lymphoid progenitor populations (Table 1) .
The absolute cell numbers were strongly reduced within all hematopoietic compartments of HoxA c/− mutants, when compared to A flox/+ age-and sex-matched controls, from three-fold in the bone marrow (BM) to five-fold in the spleen and up to eight-fold in the thymus (Fig. 4A ). FACS analysis of BM, thymus and spleen cells from A c/− newborn mutants further demonstrated a global reduction of myeloid (granulocytes and macrophages), erythroid (erythrocytes) and lymphoid (B-and T-cells) cells, from early to mature stages of development (Table 1) , albeit all lineages were generated. In addition, a subtle but consistently observed impairment of erythrocyte and thymocyte maturation, as characterized by the accumulation of immature erythrocyte and T-cell progenitors was noticed in A c/− newborn mutants ( Fig. 4B and Supplementary Fig. 2B Fig. 4C ). Also, the relative percentage of all KLS progenitor subpopulations was increased in A c/− mutants at birth (Fig. 4D ), pointing to an inherent defect of these progenitors to progress towards more mature lineages. This impairment in the development of the hematopoietic system could either be the direct consequence of an important loss of function of the HoxA gene cluster within hematopoietic progenitor cells, or the indirect effect of the numerous alterations described above, in particular the postnatal respiratory problem, the cardiac, urogenital or skeletal defects. Therefore, we assessed whether the observed reduction in absolute cell numbers in all hematopoietic lineages was a progenitor cell-autonomous or non-autonomous effect. For this purpose, we generated fetal liver (FL) chimeras from E12.5 or E13.5 embryos. FL chimeras were established since the accumulation of the developmental defects caused premature death of the mice postnatally and thus adult BM could not be used. CD45. Fig. 4E ). FL (Fig. 4H) Fig. 4F ). Altogether, the deletion of the entire HoxA cluster, analyzed in a long-term FL transplantation assay, does not influence the generation of mature lymphoid and myeloid lineages. However, mutant HoxA c/− FL cells inefficiently produce erythrocytes, which accounts for the obvious anemic phenotype observed in the BM and spleen. In this context, it is interesting to note that the severe impairment in generating erythrocytes was only observed in the transplantation setting (Fig. 4F ) of an adult BM microenvironment using FL cells and not in HoxA c/− newborn mutants (Fig. 4B) . These results could suggest that the function of the HoxA gene cluster is more important in the adult as opposed to fetal erythropoiesis. Alternatively, FL progenitors do not respond appropriately within the adult BM microenvironment and thus reflect the well known differences between embryonic and adult hematopoiesis ( 
HoxA/HoxD clusters double-mutant mice
To partially overcome the buffering effect of functional redundancy, we evaluated potential developmental defects in the absence of both HoxA and HoxD clusters, an approach that had previously unmasked functional aspects of these genes in early limb buds (Kmita et al., 2005; Tarchini et al., 2006) . We engineered combined deletions of Hoxa and Hoxd genes, using the conditional allele of the HoxA cluster (A ) double-mutant fetuses died between E15.5 and E16.5. They displayed skin edema and a significant reduction of approximately one third in the number of caudal vertebrae when compared to A +/+ ; D +/+ controls (Fig. 5A) , two phenotypes likely produced by distinct mechanisms. The skin alterations were indeed also noticed in a few embryos heterozygous for a full HoxD deletion and the conditional HoxA allele (A c/−;T ; D d(1-13)/+ ), indicating that this novel phenotype was induced by the combined loss of functions of both Hoxa and Hoxd genes lying within the Hoxd11 to Hoxd4 interval. Histological analysis of double-mutant A c/−;T ; D d(4-11)/d(4-11) edematous skin revealed a remarkable absence (or delay) of epidermal stratification and epithelial appendage differentiation, in relation with a strong efficiency of T-Cre-mediated recombination in skin dermal fibroblasts (Fig. 5B) . In contrast, the defect in axial elongation was only observed in A c/−;T ; D d(4-11)/d(4-11) double-mutants, indicating that this We tried to overcome the early lethality of the double HoxA/HoxD clusters deletion, and hence to see its effect upon axial extension and patterning, by using the mesoderm-specific elements of the Delta1 (Dll1) gene. We used this promoter to conditionally delete the HoxA cluster (A c/−;Dll1 ) within the presomitic mesoderm (PSM) and structures derived thereof (Beckers et al., 2000) , in combination with the absence of the HoxD cluster (A c/−;Dll1
; D d(1-13/d (1-13) ). Double mutant embryos were smaller than their littermates, yet they survived throughout embryonic development, allowing us to carry out whole skeletal preparations. A c/−;Dll1 ; D d(1-13/1-13) exhibited surprisingly minor skeletal defects, mainly reminiscent of phenotypes caused either by deleting the HoxA (for example the loss of the seventh cervical and gain of two thoracic vertebrae) or the HoxD cluster (for example the posteriorization of the lumbo-sacral transition, with seven or eight lumbar vertebrae instead of six; Zakany et al. 2001 ). In addition, we observed a strong reduction of the first cervical vertebra or atlas (Fig. 5C ), most probably due to the combined deletion of Hoxa3 and Hoxd3 genes (Condie and Capecchi, 1994) . This phenotype precluded the observation of what had been reported for Hoxa4/ Hoxd4 double mutant mice, where the atlas was fused to the axis. 
Discussion
Deletion of entire Hox gene clusters is an essential step towards a full understanding of the functional coherence of this gene family. This level of understanding has been made arguably difficult, due to the functional redundancy of the system, generated by the shared evolutionary histories of these gene clusters. On the one hand, the two rounds of genome duplications produced-a maximum of four-paralogous genes, and hence a large functional overlap for those functions potentially present in ancestral animals. This is well illustrated by the effect of combining inactivations of paralogous Hox genes upon axial patterning (e.g. Wellik and Capecchi, 2003) . On the other hand, the existence of gene clusters triggered the emergence of global and coordinated regulations involving several genes in cis (Duboule, 2007) , thus leading to functional redundancy between neighboring, rather than paralogous genes. Consequently, full cluster deletions may reveal the existence of Hox cluster-specific functions, generally associated with the emergence of vertebrates, i.e. that evolved after cluster duplications. The coordinated functions of either Hoxd genes in kidneys (Di-Poi et al., 2007) or Hoxa genes in crest cells (Minoux et al., 2009) 
illustrate this phenomenon.
A lethal condition
Such large compound deletions, involving 11 genes altogether (for HoxA) understandably lead to highly deleterious conditions. Mice lacking all Hoxa gene functions in mesodermal lineages indeed suffered from a spectrum of abnormalities, including respiratory, cardiac and hematopoietic defects, which prevented mutant animals to reach postnatal development, at least for those with a high level of Cre-induced recombination. Individual loss-of-function mutations were previously generated for several Hoxa genes expressed in the respiratory tract, yet only the loss of Hoxa5 severely perturbed lungs development and maturation, resulting in respiratory defects and high rates of perinatal lethality (Aubin et al., 1997) . Likewise, the Hoxa3 mutation induced markedly reduced postnatal viability, due to multiple defects in organogenesis, including the agenesis of the thymus and parathyroid glands, a hypoplasia of the thyroid gland as well as alterations in both the heart and arteries (Chisaka and Capecchi, 1991) . Therefore, the perinatal lethality observed in our more severe class of conditional HoxA mutants likely resulted from strong defects in lung and heart morphogenesis, as elicited by the combined loss of functions of both Hoxa5 and Hoxa3.
Likewise, those HoxA cluster mutant mice, which survived after birth developed different degrees of malformed polycystic kidneys, as previously reported in homeobox-swap experiments using a chimeric Hoxa11 allele with the Hoxa4 homeobox (Zhao and Potter, 2002) . Finally, a reduced fertility was noticed in HoxA mutant females, resulting from the defective early uterine environment reported when Hoxa10 or Hoxa11 were removed in isolation (Benson et al., 1996; Hsieh-Li et al., 1995) . Defects in skeletal patterning and axial elongation
As for all Hox clusters, Hoxa genes are strongly expressed in paraxial mesoderm derivatives, following the rule of collinearity (Gaunt et al., 1988) . Transcription is already well established in PSM and the genes remain expressed once they establish their appropriate boundaries in somites and their derivatives. The effects of Hox gene mutations upon axial patterning have been largely described and typically impact upon the number and type of vertebrae in specific regions of the axial skeleton. For instance, members of Hox4, Hox5 and Hox6 paralogous groups regulate the number and identity of cervical and thoracic vertebrae, members of Hox9 and Hox10 group regulate thoracic and lumbar identity, whereas Hox11 genes specify the sacral region.
HoxA cluster conditional mutant mice showed series of axial phenotypes, which can be interpreted as the addition of single gene functions. As such, these mice exhibited an ectopic rib formation on the last cervical vertebra, similar to the effect of knocking out Hoxa4, Hoxa5 or Hoxa6, as well as on the first lumbar vertebra, similar to what follows the abrogation of either Hoxa9 or Hoxa10 (Favier et al., 1996; Fromental-Ramain et al., 1996a; Jeannotte et al., 1993; Kostic and Capecchi, 1994) . Altogether, the defects observed in the axial skeleton were rather mild, comparable to what was observed upon deletion of either the HoxB, HoxC or HoxD clusters (Medina-Martinez et al., 2000; Suemori and Noguchi, 2000; Zakany et al., 2001) , suggesting that HoxB, HoxC and/or HoxD cluster genes largely compensated for the effect of this conditional deletion on AP skeletal patterning.
The axial skeleton is arguably one of the structures where functional redundancy between HOX products is the most remarkable (e.g. Wellik and Capecchi, 2003) . We tried to address this issue by deleting the full HoxD cluster, on the top of the mesoderm-conditional HoxA, but double mutant embryos never reached E11.5. The same problem was encountered when using a shorter deletion within HoxD, removing from Hoxd4 to Hoxd13 included. We then used another Credeleter strain that is active in the PSM exclusively and obtained newborns lacking both the HoxD cluster and the HoxA, presumably in derivatives of the PSM. Here again, the phenotypes were mild, yet the clear effect upon the cervical vertebrae (i.e. the expected absence of atlas due to lack of Hoxa3 and Hoxd3; Condie and Capecchi, 1994) indicated a fair level of conditional deletion. This result suggests that the vertebral column can be globally patterned, though with some minor alterations, by only two gene clusters, among which one lacking all 'posterior' genes but group 13 (HoxB; Economides et al., 2003) .
To combine with the conditional HoxA allele, we also used one deletion within HoxD, leaving in place both the most anterior and most posterior Hoxd genes. Double mutant fetuses developed substantially better that other combined configurations involving the T deleter strain. Interestingly, 5 out of 10 double mutant embryos displayed a significantly shorter tail. We explain this defect by a gain of function of the remaining posterior Hoxd genes (Hoxd13 and/or Hoxd12), whose function may be to terminate axial elongation, perhaps by antagonizing the functions of more anterior Hox genes, as reported previously during the development of limbs and kidneys (Di-Poi et al., 2007; Kmita et al., 2002) . Recent experiments involving transgenic gains of function of group 13 genes have also lead to important truncations of the posterior trunk (Young et al., 2009) , in agreement with the loss of function of Hoxb13, which tend to slightly elongate the tail (Economides et al., 2003) . Noteworthy, the posterior Hox gene gain of function resulting from the deletion of the Hoxd4 to Hoxd11 interval did not elicit the same phenotype in an otherwise wild type condition, suggesting that its deleterious effect is counterbalanced by the numerous doses of genes participating to tail elongation. However, in the absence of some of these genes (the combined HoxA deletion), the gain of function effect is unmasked. This dosage effect is likely reduced in the transgenic approach, where more truncations are observed (Young et al., 2009 ).
Defect in skin morphogenesis
HoxA mutant fetuses combined with a targeted deletion within the HoxD cluster exhibited a striking phenotype in early skin morphogenesis, not yet scored for any Hox mutants. Such specimen had a largely edematous skin, without epidermal stratification and differentiation of epithelial appendages. Because T-Cre-mediated recombination in skin takes place in dermal fibroblasts, a novel function for Hox genes is proposed during the regulation of epithelial-mesenchymal interactions occurring between the epidermis and the dermis.
Interestingly, this phenotype was not observed in single HoxA deletion mutants and at least two of the Hoxd genes (Hoxd9 and Hoxd11) additionally deleted in the combined mutant version, were described as being expressed in the basal layer of the epidermis (as well as in the hair matrix; Kanzler et al., 1994; Stelnicki et al., 1998) , rather than in the dermis, where expression seems to resume at later stages (Reid and Gaunt, 2002) . It is thus possible that the deletions of the two clusters do not affect one and the same cellular population, at the same time, and that the combined effect of these deletions reveals a function that requires the integrity of both the epidermis and dermis, for example to ensure proper induction of the former by the latter. We think that this function is distinct from that reported for Hoxc13 during the growth of hair follicles (Godwin and Capecchi, 1998) . A comparison between conditional Hox mutants in both epidermal and dermal compartments of the embryonic skin will be necessary to clarify the exact respective functions of different Hox clusters during proper epithelial differentiation, and to confirm that the skin defect observed in HoxA/HoxD double-mutants is not secondary to another phenotypic effect.
Hoxa genes in hematopoiesis
Hematopoietic cells from both mouse and human bone marrow express many Hox genes belonging to either the HoxA, HoxB or HoxC clusters, predominantly in HSC-enriched subpopulations and immature hematopoietic progenitor compartments (Argiropoulos and Humphries, 2007) , suggesting important functional contributions of Hox genes during early hematopoiesis. While the over-expression of several Hox genes, including Hoxa4, Hoxa9, Hoxa10, Hoxb4 and Hoxb6, perturbs both myeloid and lymphoid differentiation, as well as HSC proliferation in vitro and in vivo (Iacovino et al., 2009; Sauvageau et al., 1995; Thorsteinsdottir et al., 1997 Thorsteinsdottir et al., , 2002 , only subtle defects in hematopoiesis were reported under more physiological conditions, in mice lacking single or multiple Hox gene functions. This includes gene members of the HoxA (Hoxa5, Hoxa7, Hoxa9 and Hoxa10) and HoxB (Hoxb4, Hoxb6) clusters (Argiropoulos and Humphries, 2007; Lawrence et al., 1996) .
Mice lacking the Hoxa9 function, a gene that is highly expressed in hematopoietic cells, primarily within the HSC compartment, display the most severe hematopoietic phenotype scored for a single Hox gene deletion to date, including a rather modest reduction in spleen size and a decrease in cell number affecting both myeloid and lymphoid compartments . Also, Hoxa9 mutants have severe problems during fetal thymic development, including a reduction of immature thymocytes, due to increased cell death (Izon et al., 1998) . However, and despite the defective ability of Hoxa9 mutant HSCs to repopulate irradiated recipients in competitive transplantation assays , both the numbers and frequencies of KLS-HSCs and MPPs were normal in Hoxa9 mutant mice Magnusson et al., 2007a; So et al., 2004) .
Our conditional deletion of the entire HoxA cluster induced a much more dramatic phenotype than the single Hoxa9 loss of function, in all erythroid, myeloid and lymphoid lineages, from early progenitors to more committed cells. This indicates that multiple Hoxa genes, rather than Hoxa9 alone, functionally cooperate in the hematopoietic system under normal conditions. Hoxa5, but also probably Hoxa10 and Hoxa9, might regulate the shift toward myeloid or erythroid differentiation in human cells (Crooks et al., 1999; Ferrell et al., 2005) . The loss of these three genes in cis may thus explain the deficiency in the proper generation of the erythrocytic lineage in our HoxA mutants.
Consistent with the existence of a complex network of genetic interactions between Hox genes in primitive hematopoiesis, deletion of the entire HoxA cluster, but not of HoxB (Bijl et al., 2006) , led to defects in the early postnatal KLS-HSC compartment. In particular, the block at the ST-HSC stage demonstrates a role for several Hoxa genes in the maintenance and differentiation of HSCs before they adopt a myeloid, erythroid or lymphoid cell fate. Hoxa genes such as Hoxa5, Hoxa9 and Hoxa10, which have been proposed to regulate HSC self-renewal, based on competitive transplantation and over-expression assays, might be necessary for the regulation of HSCs under normal conditions Magnusson et al., 2007b; Sauvageau et al., 2004) .
Recent reports have also highlighted the importance of multiple Hox genes in leukemic transformation. In particular, several members of the HoxA cluster, including Hoxa6, Hoxa9, Hoxa10 and Hoxa13, are highly expressed in patients with acute myeloid or lymphoid leukemia and the mis-regulation of these genes has been associated with different models of both murine and human leukemia (Argiropoulos and Humphries, 2007; Dickson et al., 2009; McGonigle et al., 2008) . The application of more refined conditional mutations whereby the HoxA cluster be deleted from a targeted hematopoietic tissue, for example within HSCs, will help elucidate the role of these genes into this important cell lineage.
